A study has been made of the mechanics and mechanisms of fati9ue crack propagation in a commercial plate of aluminum-lithium alloy 2090-TBE41. In Part II, the crack growth behavior of naturallyoccurring, microstructurally-small (2 to 1000 um) surface cracks is examined as a function of plate orientation, and results compared with those determined in Part I on conventiona 1 long (~5 nm) crack samples. It is found that the near-threshold growth rates of small cracks are between 1 to 3 orders of magnitude faster than those for long cracks, subjected to the same nominal stress intensity ranges (at a load ratio of 0.1). Moreover, the small cracks show no evidence of an intrinsic threshold and propagate at 6K levels as low as 0.7 MP arm, far be 1 ow the long crack thresho 1 d 6KTH. The i r behavior is also relatively independent of orientation. Such accelerated small crack behavior is attributed primarily to restrictions in the development of crack tip shielding (principally from roughness-induced crack closure) with cracks of limited wake. This notion is supported by the close correspondence of small crack resu 1 ts wi th long crack growth rates plotted in terms of 6K e ff (i .e., after allowing for closure above the effective long crack threshold). Additional factors, including the different statistical sampling effect of 1 arge and sma 11 cracks wi th mi.crostructura 1 features, are briefly discussed.
I. INTRODUCTION
Damage-tolerant design concepts, currently in use to ensure the durability of both military and civil aircraft, generally specify that sma 11 (' \.. 100 J,lm) corner cracks be assumed to pre-ex i st at each fastener hole in the structure (e.g., ref. 1) . Lifetime is then computed in terms of the time, or number of fatigue cycles, for any one of these cracks to propagate to critical size, based on the lntegration, from initial to final defect size, of a relationship describing the crack growth rates as function of the mechanical "crack driving force" (e.g., the stress intensity range, ~K) for the material in qu~stion. Such crack growth relationships are generally derived from data measured on laboratory specimens containing crack sizes in excess of 5 to 10 mm.
However, in recent years it has become apparent that where cracks are phys i ca 11 y sma 11 (i .e., .$ 1 mm), or where they approach the s i ze-sca 1 es of the mi crostructure or the extent of 1 oca 1 plasticity, their growth rate behavior may not conform to that measured conventionally with long (~ 5 mm) cracks (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . In fact as illustrated schematically in Fig. 1 , small crack growth rates are genera 11 y non-un i que and can marked 1 y exceed those of long crack s when subjected to the same nominal "crack driving force", e.g., at 1 * the same ~K (2) (3) (4) (5) (6) (7) (8) (9) .
Such apparently anomalous behavior is most *Similar anomalous behavior has been reported for so-called "chemically sma11 11 cracks, where differences in the local crack tip environment (control led by frequency and reaction kinetics) can cause small cracks to propagate at rates some 1.5 to several hundred times faster than long cracks at the same mechanical "driving force" (6, 22) . prevalent at low load ratios in the low growth rate (~ 10-9 m/cycle) near-threshold regime (except for flaws emanating from notches (4, 11) ), where specifically small cracks have been observed to propagate at stress i ntens ity ranges be low the fat i gue thresho 1 d, ~KTH' at which long crack growth becomes dormant (e.g., refs. 5, 8) .
The problem is of practical significance as damage-tolerant calculations are invariably based on long crack data, and depending upon initial flaw size, overall life is generally dominated by the regime where the crack is both small and advancing at low growth rates. Consequent 1 y, wi th the acce 1 era ted near-and sub-thresho 1 d growth rate behavior of small cracks, there exists a potential fol'" dangerously non-conservative predictions of life (5) .
There are several origins of the lack of similitude between long and small crack growth behavior (2) (3) (4) (5) (6) (7) (8) (9) . These are summarized in Table   I (13, 14) , enhanced cyclic plastic strains at the tips of microstructurally-small cracks (12) , differing interactions with grain or phase boundaries (15, 16) , and environmental effects (6, 22) . 'Critical Size is a function of frequency and reaction kinetics. 3 However, in essence the problem is one of defining an appropriate "crack driving force" for small crack growth, which accounts for excessive plasticity ahead of the crack tip and more importantly crack tip shielding behind it (17) . with the initial extension of small cracks (14, (17) (18) (19) (20) , and the closer normalization of long and small crack growth rates when plotted as a function of ~Keff' i.e., in terms of characterizing parameters which at least partially account for shielding (11, 21) .
Such considerations are of particular significance to a1uminumlithium alloys, since they derive their superior crack growth resistance primarily from crack tip shielding (17,23) mechanisms. As where such shielding is restricted, such as with cracks of 1 imited wake, the superior crack growth properties may be compromised.
Accordingly, discrepancies between long and small crack behavior in these alloys may be expected to be large.
It is thus the objective of Part II of this paper to examine the propagation behavior of naturally-occurring, microstructurally-small 
II. EXPERIMENTAL PROCEDURES
The material studied was a 12.7 mm thick plate of commercial Al-Lf-Cu-Zr alloy 2090, supplied by ALCOA in the near peak-aged and thermomechanica11y treated T8E41 condition. A description of the composition, heat treatment, microstructure and mechanical properties ;s given in Part I of this paper (24) .
Tests to examine the fatigue crack propagation behavior of natura 11 y-occurri ng, mi crostructura 11 y-sma 11 surface cracks were Fractographica11y, small crack initiation was generally seen to be associated with inclusions or intermetal1ic particles.
Corresponding crack path morphologies for small crack growth in the three orientations are shown in the three-dimensional micrograph in Comparison of the small crack growth rate data in the three orientations with that measured at R = 0.1 for long cracks (24) is shown in Fig. 7 as a function of the nominal 6K. It is apparent that, whereas the growth rates of long and sma 11 cracks are comparable at higher 6K levels typically above'\, 8 MPalin, the nearthreshold propagation rates of small flaws are between 1 to 3 orders of magnitude faster than those for long flaws, subjected to the same nominal 6K. Moreover, small crack growth can be seen at 6K levels as low as 0.7 MPa/rii, far below the long crack threshold 6KTHo 8 The primary reason for such marked discrepancies in long and small crack growth rates at near-threshold levels can be readily appreciated by replotting the long crack data in terms of ~Keff'
after allowing for crack closure (i.e., by utilizing the back-face strain measurements of Kc1 in Part I (24) . As shown in Fig. 7 , it is apparent that the scatter bands for small crack growth rates now come into close correspondence with long crack results, indicating that their accelerated behavior results primarily from reduced shielding.
This clearly implies a critical role of crack tip shi~lding during fatigue crack growth in aluminum-lithium alloys both in promoting superior long crack resistance (24-28) and, when restricted with cracks of limited wake, in causing significantly enhanced small crack growth rates. Similar effects of reduced crack growth resistance from reductions in shielding have been repo~ted for the 2090 alloy following periodic compression overloads (28) . With increasing crack size, however, Kc1 values gradually approach saturation long crack values, such that the small crack growth rates merge with long crack results. This is shown in Fig. 7 for nominal ~K levels above roughly 10 MPalm. Moreover, at the higher stress intensity ranges, the role of wedge shielding mechanisms, such as roughness-in~uced closure, become diminished even for long cracks, due to the larger crack opening displacements (30) .
Although the reduced role of crack closure at small crack sizes appears to be the major reason for their accelerated growth rate behavior, it is apparent from Fig. 7 that the small est cracks, e.g., 9 typica11y of a length less than 5 ~m, show no indications of an intrinsic threshold. Moreover, they continue to grow at flK levels as low as 0.7 MPaIIii, well below the long crack flKeff threshold (i.e., after correcting for closure), implying that other factors are pertinent. One such difference may be related to experimental evidence that suggests that small flaws may experience higher cyclic plastic strains at their tips (12) . However, a more important effect may be associated with differences in the statistical sampling of microstructural features encountered by large and small cracks (8) .
For example, the naturally-occurring small surface crack will tend to initiate at preferred "soft spots" in the microstructure and, unlike pre-existing long through-thickness cracks, will not have its growth averaged over many disadvantageously oriented grains, since its crack front will encompass only a few grains. Furthermore, the mi crostructura 11 y-sma 11 crack, which corresponds to a threedimensional flaw whose plastic zone is typically smaller than the key microstructural dimension, such as· grain size, wi 11 advance as if in a single crystal, preferentially oriented for operation of the relevant crack extension mechanism.
Clearly, in such cases, where crack sizes are below any continuum approximation, it is inappropriate to talk of an intrinsic threshold for crack propagation which can be described in terms of a continuum parameter such as the stress intensity. In fact, where damage tolerant design and lifetime calculations are extended to crack sizes of such microstructural dimensions, characterization 4. Finally, it is concluded that the superior long crack growth rates and the anomalously high small crack growth rates in this alloy are primari 1y a consequence of the same phenomenon, i.e., a marked dependence on extrinsic "toughening" mechanisms, primarily from crack meandering and resulting crack. closure. Although crack tip shielding provides a potent impedence mechanism for long crack growth, it cannot similarly remain effective for cracks of limited wake. ........... .....-t....,.,.,.,.,...-..,....,...,...,...,..,..,"'I""!'--.,....,.....,..,..,..,.,.,.,........,....., ....... .,.. 
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